In an attempt to identify the donor of the B genome in the emmer (AABB) and dinkel (AABBDD) wheats (Triticum turgidum and T. aestivum, respectively), the restriction endonuclease profiles of two regions around the mitochondrial cytochrome oxidase subunit I gene were compared with those of five putative diploid ancestors belonging to the Sitopsis section of the Aegilops genus: Ac. longissima, Ac. speltoidcs, Ac. bicornis, Ac. sharoncnsis and Ac. scarsii. The mitochondria of the diploid donors of genome A (T. monococcum, section Monococca) and genome D (Ac. squarrosa, section Vertebrata) were also tested. The results indicate that none of these diploid species is likely to have either donated the B genome or to be closely related to the donor. The restriction fragment patterns of T. turgidum and T. acstivum were identical, supporting the hypothesis that T. turgidum is the immediate maternal relative of T. aestivum. The restriction endonuclease profiles of T. monococcum var. boeoticum and T. m. var. urartu were also identical supporting their conspecific systematic assignment. No real taxonomic distinction exists between Triticum and Acgilops. With the possible exception of Ac. longissima, the mitochondria of the Sitopsis section constitute a natural dade. Ac. speltoides shows high levels of mitochondrial polymorphism between accessions.
INTRODUCTION
Interest in the wild relatives of cultivated food crops has been aroused because of the dangers associated with genetic uniformity, and the potential use of wild genetic varieties for diversifying the genetic pool (Zohary, 1983) . Bread wheat, Triticum aestivum, and macaroni wheat, T turgidum var. durum, are two of the oldest and most widespread food crops under domestic cultivation (Helbaek, 1959; Jenkins, 1966; Morris and Sears, 1967; Zohary, 1965 Zohary, , 1983 . Starting with Alphonse de Candolle's somewhat imaginative Origine des Plantes Cultivées (1883), the evolutionary histories of these wheats and their putative wild relatives have been subjected to extensive research and speculation. Most researchers agree that the Middle East was the geographic centre of domestication and genetic diversification of Triticum, as * Dedicated to the memory of two pioneers of wheat research, Aaron Aaronsohn (1876 Aaronsohn ( -1919 and Hitoshi Kihara (1893 Kihara ( -1986 ).
well as other cultivated crops, such as Hordeum (barley), Secale (rye) and Avena (oats) (Harlan and Zohary, 1966; Anikster and Wahl, 1979) . In 1906, Aaron Aaronsohn discovered the wild emmer wheat, Triticum dicoccoides, in the Upper Galilee (Aaronsohn, 1906 (Aaronsohn, , 1909 . This dicoccoides variety, currently referred to as Triticum turgidum var. dicoccoides (Korn.) Thell., was nicknamed by Aaronsohn "Em Ha Khita", Hebrew for Motherof-Wheat, an etymology which proved quite accurate in view of modern molecular knowledge.
Both Triticum and Aegilops belong to the family Gramineae. Beyond this rough assignment, however, considerable disagreement pervades wheat taxonomy (for a review, see Kimber and Sears, 1983) . Sakamura (1918) and Kihara (1919, 1924) were the first to recognize that Triticum species constitute a three-level ploidy series, with the einkorn group, e.g., T. monococcum, containing 14 chromosomes, the emmer group, e.g., T turgidum, containing 28 chromosomes, and the dinkel group, e.g., T. aestivum, containing 42 chromosomes. Moreover, Kihara (1924) provided the first evidence which indicated that the tetraploid emmers and the hexapolid dinkels are allopolyploids, i.e., each chromosome set is genetically distinct, having probably originated from different wild diploid species. The genome that is common to Triticum aeslivum, T turgidum and T monococcum was designated genome A. The other genome of T turgidum, which also exists in T.
aestivum, was designated B. The third genome of the dinkel group was designated D. Thus, Triticum aestivum has an AABBDD genomic constitution.
Wild species of Aegilops are known to contain other haplotypic genomic sets as welt, e.g., genome C in Ac. caudata, and genome M in Ae. comosa and Ae. he!dreichii.
The problem of reconstructing the phylogeny of bread wheat, Triticum aestivum, can essentially be reduced to (1) determining the origin of each of the three genomes (A, B and D), and (2) elucidating more ancient phylogenetic relationships between these genomes. The immediate tetraploid maternal ancestor of T aestivum is in all likelihood a wild or a cultivated form of T turgidum (AABB), the female gamete of which formed a hybrid with a male gamete of Aegilops squarrosa (DD), resulting in the present AABBDD genomic constitution (Kihara and Lilienfeld, 1951; Kerby and Kuspira, 1987) . In this sense, Aaronsohn' s original designation of the wild emmer wheat, T turgidum var. dicoccoides, as the Mother-of-Wheat is correct. In the same vein, Kihara' s Aegilops squarrosa should be designated the Father-of-Wheat.
The phylogeny of wheat becomes less clear, however, as we look for more ancient genomic ancestors. Although there is ample evidence that Triticurn monococcum (AA) is the source of the A genome in both bread and macaroni wheats, and is the closest paternal relative of T. turgidum and T aestivum (Gill and Kimber, 1974; Fernandez de Caleya et a!., 1976; Jones et a!., 1982; Kerby and Kuspira, 1987) , there is little agreement in the literature in regard to the origin of the B genome. The only thing that can be stated with some certainty is that the donor of the B genome is also the donor of the cytoplasmic components of both tetraploid and hexaploid wheats, i.e., the B donor is the Grandmother-of-Wheat Lucken, 1967, 1971; Chen et al. 1975; Vedel et al., 1978; Hirai and Tsunewaki, 1981) ; Fig. 1 summarizes the consensual view on the origin of the three genomes in bread wheat. these "suspects" are members of the Sitopsis section of the Aegilops genus: Ac. bicornis (Sears, 1956) , Ac. longissima (Vittozi and Silano, 1976; Gerlach et a!., 1978; Tsunewaki and Ogihara, 1983) , Ac. searsii (Feldman, 1978) , Ac. sharonensis (Kushnir and Halloran, 1981) , and Ac. speltoides (Sarkar and Stebbins, 1956; Riley etal., 1958; Rees and Walters, 1965; Jaaska, 1978) . In particular, Ac. speltoides, Ac. Ion gissima and Ac. bicornis are given prominence as putative donors of the B genome since they are indistinguishable from T turgidum as judged by morphological and physiological properties (Tsunewaki and Ogihara, 1983) .
T monococcum var. urartu, a member of the Monococca section of the genus Triticum, has also been suggested as an ancestor (Johnson, 1972 (Johnson, , 1975 .
The purpose of this work was to find out which, if any, of the above suspects is the wild donor of the B genome. Since we are in fact searching for a maternal ancestor twice removed from bread wheat, and since the genomic material in cytoplasmic organelles is exclusively maternal, we decided to reconstruct the phylogeny of bread wheat by using restriction endonuclease profiles of mitochondrial DNA.
MATERIALS AND METHODS
The following species and cultivars were used: hexaploid wheat, Triticum aestivum var. aestivum (accession numbers 01 and 08); tetraploid wheat, T. turgidum var. dicoccoidcs (17); diploid species, Aegilops sharoncnsis (02), Ac. longissima (01, 09), Ac. searsii (16), Ac. bicornis (01), Ac. spcltoides (01, 05, 08) (Stern and Lonsdale, 1982) is either nonexistent or that it is below the level of detection so that it does not affect our results. The restriction fragment length distribution in each species is given in table 1. From the hybridization profiles we could infer 25 restriction fragments, only one of which was common to all species. (All mitochondrial specimens resulting from the EcoRI-Q2e treatment were monomorphic for a 19 kb fragment.) T aestivum and T turgidum yielded identical hybridization patterns, supporting the hypothesis that T turgidum is the immediate maternal ancestor of T aestivum. The restriction endonuclease profiles of the two T. monococcum subspecies, urartu and boeoticum, are indistinguishable, supporting their conspecific systematic assignment, rather than their classification as two separate species (T urartu and T boeoticum).
Since we could not physically map the restriction sites, the number of nucleotide substitutions per site (d) was estimated by using the restriction fragment data according to Nei and Li's (1979) .02 .00 Figure 3 Mitochondrial phylogenetic tree for Triticum and Aegilops species. d = the number of nucleotide substitutions per site as estimated according to Nei and Li (1979) . The dendrogram was derived by using the UPGMA clustering method (Sneath and Sokal 1973) .
subsequently used to construct a UPGMA phylogenetic tree (Sneath and Sokal, 1973) . The resulting tree is presented in fig. 3 . We observe no clear taxonomic distinction between the two genera, Triticum and Aegilops. Consequently, our results agree with several suggestions in the literature (e.g., Bowden, 1959 ) that all wheat species should be included in the genus Triticum.
In fig. 4 we present the expected maternal phylogenetic relationships between the different genomes. Since the hexaploid AABBDD genome is derived on the maternal side from AABB, it is expected that the two species closest to each other in terms of their mitochondrial constitution should be T aestivum and T. turgidum. This is indeed the case ( fig. 3) . The next in line should be the yet of AABB. Further removed we should find DD (Ae. squarrosa) and AA (T monococcum), which are not related to the maternal side of either AABB or AABBDD. None of the species in our study, which have been previously suspected of being the donor of the B genome, is more closely related to Triticum than Ac. squarrosa, which by virtue of its being the donor of the D genome presumably cannot also be the donor of B. In fact, only one accession of Ae. speltoides (05) is closer to Triticum than T. monococcum, but it too is more distant from Triticum than Ae. squarrosa. In other words, we can exclude all the species in this study from the list of potential donors of the B genome; none of them is the Grandmother-of-Wheat. This conelusion depends neither on the choice of distance measure nor on the method of reconstructing the topology of the tree. By using any of the pertinent parsimony methods included in the PHYLIP package (kindly provided by Dr J. Felsenstein), we obtain very similar trees, regardless of whether we use character or distance measures. This finding agrees with Kerby and Kuspira's (1987) compilation of evidence that excludes all the above species as the B donors to the polyploid wheats.
In regard to the more distant relationships, there are three possible topologies that are consistent with the geneology presented in fig. 1 : (1) AA is more closely related than DD to the AABBDD matriline, (2) DD is closer to AABBDD than AA, and (3) AA and DD are equidistant from AABBDD. These possibilities are illustrated in fig.  4 . Our results show that Ae. squarrosa is closer to the Triticum maternal lineage than both subspecies of T monococcum, supporting hypothesis (2). Ogihara and Tsunewaki (1982) and Tsunewaki and Ogihara (1983) found that the restriction pattern of chioroplast DNA from T. turgidum (T. dicoccoides and T. dicoccum in their notation) was identical with that of Ae. Ion gissima. Since chioroplast DNA is also maternally inherited, their conelusion was that Ae. longissitna is the donor of the B nuclear genome. They reasoned that while the nuclear genome changed rapidly since the time of divergence, the chioroplasmic genome did not change much, and we should rely on chloroplast data to reconstruct the maternal phylogeny of wheat. While it is certainly correct that in plants chloroplast DNA evolves much slower than nuclear DNA, it is also true that the rate of evolution of plant mitochondrial DNA is less than one third that of chloroplast DNA (Wolfe et a!., 1987) . Since (1) mitochondrial DNA is more conservative than chloroplast DNA, and (2) chloroplast DNA restriction enzyme patterns of T. aestivum and Ae. Ion gissima are indistinguishable (Tsunewaki and Ogihara 1983) , it is expected that the mitochondrial DNA patterns from these two species should also be identical. This expectation is not confirmed by the observations presented here. In addition, Tsunewaki and Ogihara's identification of Ac. ion gissitna as the donor of the B genome is not corroborated by the findings of Bowman et a!. (1983) , in which the chloroplasts of other species, such as Ae. speltoides, could not be excluded from the list of suspects. The discrepancies between the banding patterns of chioroplast DNA in these two studies may be attributed to the intraspecific variation in Ae. longissima chloroplasts, or to the possibility that Bowman eta!. happened to choose more variable restriction sites than did Tsunewaki and Ogihara. Terachi eta!. (1985) found that mitochondna! DNA from Ae. longissima gives identical restriction patterns with that from T aestivum.
In light of the findings presented here and previous findings by other authors, we are left with several alternatives concerning the identity of the B-donor:
(1) The donor of B is a diploid species that has not been discovered yet, or that became extinct.
(2) The B donor is a species with high levels of mitochondrial polymorphism, e.g., Ae. speltoides. Thus, identifying the donor would require the study of many accessions from each such species.
(3) The B donor is a species that is usually not included in traditional lists of suspects. For instance, in the study of Bowman et al. (1983) , the restriction patterns of chioroplast DNA from two accessions of T timopheevi (section Dicoccoidea) are more similar to that of polyploid wheats than that of members of the Sitopsis section. This alternative also includes the possibility that the B genome is of polyphyletic origin (first suggested by Sarkar and Stebbins, 1956) , or that the B genome was not derived from a diploid species.
(4) The B donor has not retained its original mitochondria due to introgression of mitochondnial DNA from a different species (e.g., Ferris ci a!., 1983; Powell, 1983; Spolsky and Uzzell, 1984) . (5) The present mitochondria of the B donor has lost all similarity to the mitochondria of B in the past through extensive intramitochondrial recombination processes and internal rearrangements (e.g., Falconet et a!., 1984).
These processes are not expected to affect the DNA sequence, but are expected to greatly affect restriction enzyme patterns. This possibility would explain why mitochondrial genomes show higher variability in their restriction endonuclease profiles than chioroplast genomes.
(6) The most radical departure from traditional thinking would be to assume that Ae. squarrosa, the donor of the D genome or one of its close relatives, Ae. cylindrica or Ae. ventricosa, was also the donor of B. In other words, to assume that the B and D genomes are distantly related with each other, having diverged considerably from the time of introduction of the B genome into T turgidum until a much later time, in which the B-turned-D genome was introduced into T aestivum. This possibility is consistent with existing empirical data, but it has not been tested yet.
